Along with the fast development of economy and growth of world's population, the demand for energy is significantly enhanced. The conventional petroleum and coal resources are unrenewable and bring about severe pollution to the environment. In the past decade, the technological advances in drilling and exploitation lead to a significant increase in the production capacity of shale gas worldwide. The U.S. Energy Information Administration projects that the annual shale gas output would rise by 104% from 2012 to 2040, which could ignite "shale gas revolution" and change the energy landscape [1]. As we know, the main component in natural and shale gas is methane which contributes to 83%-99%. Consequently, technologies utilizing methane efficiently are more and more recognized and predicted as leading actor in the coming century of natural/shale gas chemical engineering.
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Up to now, the industrial approach of catalytic valorization of CH 4 mainly comes through the routes of steam reforming to syngas, which can then be converted into methanol and other value added chemicals by FischerTropsch synthesis at a large scale [2] . Comparatively, the direct, one-step transformation of CH 4 to liquid oxygenates, which is more energy-effective and economic for the avoidance of expensive syngas intermediates, has been proven difficult due to low conversion, selectivity and yield of target product. Particularly, the selective oxidation of methane to methanol, which is famous as a "holy grail" reaction in catalysis science, has long time been studied but bloomed again only recently. The scientific challenge lies in the inertness of methane molecules with low electron affinity and high C-H bond energy of 439 kJ mol −1 , causing the cleavage of first C-H bond as the rate-determining step [3] . Various formulations of catalysts have been developed, particularly in mimic enzymatic systems of methane monooxygenases, among which the zeolites containing Cu or Fe species were reported as star catalysts to produce methanol from methane [4] . On these catalysts, the production of methanol originates from multi-steps of methane activation, conversion to methoxyl, then being extracted by H 2 O [5, 6] . These processes can lead to satisfactory selectivity of nearly 100%, however, the rate of CH 4 conversion and the yield of methanol are too low due to the stoichiometric production of methoxyl from the activation of methane on Cu or Fe sites in either stepwise or chemical looping modes.
The supported noble metal catalysts give another alternative but suffer from no serious consideration previously due to facile deep dissociation of C-H bond and over-oxidation to CO 2 on the metal sites. Nevertheless, the one-step conversion of CH 4 to CH 3 OH or CH 3 COOH was feasible on homogeneous Pt or Pd based catalysts despite of using corrosive oxidants or media [7, 8] . Moreover, the theoretical studies found that the metal sites with lower coordination number can stabilize CH 3 species to avoid the successive dehydrogenation of CH 4 [9] . Recently, corresponding author Prof. Maria FlytzaniStephanopoulos of Tufts University and her coworkers made a big breakthrough in the mild oxidation of methane not only to methanol but also to acetic acid by heterogeneous catalysis [10] . They prepared ZSM-5 supported Rh single atom catalyst by a simple wet chemistry method with Rh loading amount of around 0.5 wt%. The typical image of high-angle annual dark-filed scanning transmission electron microscopy in Fig. 1a indicate that there are isolated Rh atoms on ZSM-5. The CO adsorption infrared spectroscopy result in Fig. 1b HIGHLIGHTS . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   758 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . alyst exhibited a good performance in the conversion of CH 4 to CH 3 COOH with the presence of CO and O 2 at mild conditions in batch-reactor conducted at 150°C. On the optimized catalyst of Rh-ZSM-5 with all Rh atoms confined in the framework of ZSM-5, the yield of acetic acid can reach approximately 21,295 μmol g cat −1 with a selectivity of 60% as shown in Fig. 1c . This value of yield was around 435 times higher than that of stoichiometric ratio of rhodium to methyl group (~49 μmol g cat −1 ), indicating it was not a stoichiometric process from the state change of Rh species but clearly a catalytic cycle. Furthermore, the products from the conversion of CH 4 depend on the property of the used support. As shown in Fig. 1d , the acidity of the zeolite is helpful to obtain acetic acid while the methanol dominated on the catalyst with support of Na ions exchanged ZSM-5 or with addition of Cu 2+ . Interestingly, methanol was the exclusive product on Rh 1 /TiO 2 single atom catalysts, which lacked the acidity of H-ZSM-5. Another synchronous work also found that the reaction of methane to methanol was facile on Rh 1 /ZrO 2 [11] . Thus through modulating the acidity of the support, the desired product of acetic acid or methanol can be tuned. Finally, the probable mechanism is proposed as depicted in Fig. 1e . The functionalized Rh-CH 3 species on the single atom sites can undergo the oxygen insertion to produce methanol or CO insertion to produce acetic acid, which was contrast to the well-accepted route of methanol carbonylation.
Undoubtedly, this work gives a sound example to illuminate supported metal catalysts for the activation and functionalization of methane which can not only maximize the atomic efficiency of metal species but also give a desired selectivity of target product. In addition, the results with unprecedented performance will stimulate more efforts to prepare next-generation catalysts and processes for the direct conversion of methane to methanol, acetic acid and other useful chemicals, just as depicted in Editorial summary of Nature. 
